After screening a bacterial artificial chromosome of human genomic DNA library with human HS-40, -, ␣-, and -globin probes, a 110-kb clone bearing the whole human ␣-globin gene cluster was obtained and rare restriction endonuclease mapping was performed. The bacterial artificial chromosome DNA was isolated, and transgenic mice were generated. Three founders were detected from 35 newborn mice. The copy numbers were 1, 2, and 2, and the expression of human ␣-globin genes in various tissues at different developmental stages in the transgenic mice was assayed. The human ␣-globin mRNA can be detected in bone marrow, kidney, liver, brain, but not in muscle, testis, or thymus. The human -globin genes were switched off, and the ␣-globin genes were switched at day 11.5 in mouse embryo, indicating that developmental stage-specific expression of the ␣-like globin genes was properly regulated. The human ␣-globin mRNA ranged between 17-68% of the endogenous mouse ␣-globin, suggesting that the expression of human ␣-globin genes is integration sitedependent in transgenic mice. The ratio of human ␣2-and ␣1-globin gene expression in adult transgenic mouse is about 2.5:1 similar to the expression in human.
T
he human hemoglobin is made up of tetramers, two ␣-like and two ␤-like globin chains. In the adult and fetal stages, ␣-chains combined with ␤-(HbA, ␣ 2 ␤ 2 ), ␦-(HbA 2 , ␣ 2 ␦ 2 ), or ␥-chains (HbF, ␣ 2 ␥ 2 ), whereas in the embryo stage, embryonic ␣-like chains named -chains combined with ␥-(Hb Potland, 2 ␥ 2 ) or -chains (HbGower1, 2 2 ). Embryonic -globin is confined to the yolk sac stage of development and thereafter is replaced by two fetal͞adult ␣-globin chains (␣ 2 -and ␣ 1 -globin) (1) . The human ␣-like globin gene cluster spans about 80 kb at the short arm of chromosome 16 and includes seven tandemly linked genes organized in the order of their developmental expression: 5Ј---␣ 2 -␣ 1 -␣ 2 -␣ 1 --3Ј (2) . HS-40 is the major control element of ␣-globin gene family located 40 kb upstream of -globin gene. There are various erythroid-specific and ubiquitous DNA-binding protein binding sites within the 300-bp core region (3, 4) , similar to the locus control region of the human ␤-globin gene cluster (5) . Their functions, however, are somewhat different from each other, because HS-40 is designated as a ''positive control element'' of the human ␣-globin gene cluster (6) . The developmental switching and tissue-specific expression pattern of ␣-like globin genes provide a model system for the study of gene regulation. The switching from a single embryonic -globin to two coexpressed fetal͞adult ␣ 2 -and ␣ 1 -globin takes place at 6-7 weeks of gestation, and two ␣-globin genes are fully active and retain this level after birth. Understanding ␣-globin gene regulation may provide an approach to the therapy of ␣-thalassemia. Transgenic animals and transfected erythroleukemia cells are two useful experimental systems for analysis of the regulation of human ␣-globin genes (7, 8) . In mouse erythroleukemia (MEL) cells containing human chromosome 16, high levels of human ␣-globin gene expression are observed after chemical induction. Nevertheless, it can express only the adult human ␣-globin and no developmental switching can be observed in the MEL cells.
Studies in transgenic mice have provided deep insights into the regulation of ␣-globin expression, but results from single ␣-or -globin transgenic mice could not reflect the real chromosome environment of the human ␣-globin gene cluster. Gourdon et al. (9) ligated two cosmids through an oligonucleotide linker to produce a single fragment spanning 70 kb of the human ␣-globin cluster; the -and ␣-globin genes were expressed in transgenic embryos. However, such a cosmid may lack some cis-elements beyond HS-40 and the expressed genes. To study the organization and developmental switching pattern of human ␣-like globin genes, it is necessary to establish transgenic mice containing the whole human ␣-globin gene cluster.
Yeast artificial chromosome (YAC) has been widely applied in large-fragment transgenic research of the human ␤-globin gene cluster, but as a vector system (10), YAC is unstable and difficult to be purified, restricting its application in human ␣-globin gene cluster research.
A bacterial artificial chromosome (BAC) library provides a better alternative for this problem. The average insert of BAC vector is about 150 kb (11) , which can cover the whole human ␣-globin gene cluster. The BAC DNA is a single-copy circular DNA molecule in bacterial cell and is stable and easier to be purified than cosmid and yeast artificial chromosome. The generation of BAC-mediated transgenic mice of whole human ␣-globin gene cluster may provide more information for understanding the organization and switching pattern of the gene cluster.
In this study, we screened the human BAC library and generated transgenic mice bearing the selected BAC clone containing whole human ␣-globin gene cluster. Tissue-and developmental stage-specific expression of human ␣-like globins was observed in the BAC-mediated transgenic mice. The expression level of the human ␣-globin gene was found to be integration site-dependent in different transgenic lines.
Materials and Methods
Human BAC Library Screening. The high-density hybrid membranes for the BAC library (Research Genetics, Huntsville, AL) were screened by [␣-32 P]dCTP-labeled HS-40 and -globin probes (gifts from James Shen, Academia Sinica, Taipei, Taiwan). Positive clones were picked from the BAC library according to the hybrid dots on x-ray films. Then mini-and large-scale preparations of BAC DNA were carried out by standard procedures. Selected clones were determined further by Southern blot and restriction endonucleases analyses.
Abbreviations: BAC, bacterial artificial chromosome; FISH, fluorescence in situ hybridization.
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Clone Determination. The BAC DNA was purified by alkaline lysis and digested with different restriction endocleases including NotI, NruI, PacI, SalI, and RsrII. The digested BAC DNA was separated by pulse field gel electrophoresis (PFGE) on 1% agarose (Roche Molecular Biochemicals), using the 10-250-kb autoprogram of CHEF MAPPER (Bio-Rad). Usually, NotI digestion of BAC DNA was transferred to nylon membrane for Southern blot analysis. A physical map of the BAC clone was drawn according to the PFGE and Southern blot results. The digested BAC DNA was added to a 0.5 ϫ 5 preequilibrized Sepharose CL-4B column. The column was washed by injection buffer (10 mM Tris⅐HCl, pH 7.5͞0.1 mM EDTA, pH 8.0͞100 mM NaCl), the washed fractions were collected with a 24-well plate (0.5 ml for each well). Of each fraction, 20 l was run on pulse field gel electrophoresis to identify the appropriate fractions. The fractions containing the linearized BAC DNA were collected and used for microinjection.
Generation of Transgenic Mice. The murine zygotes were from C57BL͞6J-mated KM female mice; the fosters were KM female mice. The purified BAC DNA was diluted to 1 ng͞l for pronuclear microinjection into murine zygotes. The injected zygotes were cultured in M16 culture medium for 4-5 h, and healthy zygotes were selected for oviduct transplantation.
Detection of Founder Mice. Mouse tail genomic DNA was purified by phenol͞chloroform until the mice were 4-6-weeks-old. First, the transgenic founders were rapidly screened by PCR, using 5Ј-TTCGTCATAATATGGGTTTTT-3Ј and 5Ј-TGTGGGGA-AAGAAATTAAATTA-3Ј as primers. The PCR parameters were 94°C for 40 s, 58°C for 40 s, 72°C for 40 s (30 cycles). The size of amplified fragment was about 500 bp, containing the HS-40 sequence. Then the founder mice were identified further by Southern blot analysis by using human HS-40, -, ␣-, and -globin genes as probes. (The HS-40 and -globin probes were gifts from J. Shen; -and ␣-globin probes were cloned by the National Laboratory of Medical Molecular Biology). Positive founders were bred to KM͞ICR mice, and copy nos. of the founder mice were quantified by Southern blot, using a PhosphorImager (Molecular Dynamics).
Total RNA Isolation and RNase Protection Assay. Yolk sacs and fetal livers from different developmental stages of transgenic mice embryos were collected. After determination by PCR, total RNA was extracted from the yolk sac, fetal liver, bone marrow, and other tissues of adult mice by Trizol reagent (GIBCO͞BRL) and dissolved in diethyl pyrocarbonate-treated water. Total RNA was used for the detection of human -and ␣-globin mRNA expression by RNase protection assay. In brief, 5 or 10 g of total RNA was hybridized with 1-2 ϫ 10 5 cpm of each [␣-32 P]-UTP labeled probe in solution at 55°C overnight. Then the samples were digested with RNase A (8 g͞ml) and RNase T1 (10 units͞ml) at 25°C for 30 min. The protected fragments were purified and electrophoresed on a 4% polyacrylamide͞7 M urea gel, the gel was exposed to an x-ray film for 24-28 h, and the band intensities were quantified by a scanning densitometer. The globin-specific probes were mouse ␣-globin, pT7m␣; mouse -globin, pT7 m (gifts from Qiliang Li, University of Washington, Seattle); human ␣-globin, pT7h␣; and human -globin, pSP6h (cloned by the National Laboratory of Medical Molecular Biology).
Results

Screening of BAC Library and FISH.
Ten candidate clones from the first panel of screening were determined further by Southern blot, only 191K2 and 465M8 clones had positive signals with HS-40 and -probes. After NotI digestion and pulse field gel electrophoresis of BAC DNA, the approximate sizes of the selected clones were estimated by comparison with size markers of multimers of bacteriophage (New England Biolabs). Clone 191K2 is 110-kb long and contains HS-40, -, ␣-, and -globin genes. The physical map of the BAC 191K2 clone is shown in Fig.  1 . The BAC 465M8 clone is 160-kb long but has only HS-40. Hence, clone 191K2 is the only one containing the whole human ␣-globin gene cluster and it was used for generating transgenic mice. FISH with this BAC showed that the hybridization signals were located at the telomere region of chromosome 16. No other signal was detected in the FISH results (Fig. 2) .
Generation and Identification of Transgenic Mice. The 191K2 BAC DNA was purified as a linear 110-kb fragment and microinjected into fertilized eggs to generate transgenic mice. Genomic DNA purified from mouse tail was analyzed by PCR with HS-40 primers. Three founder mice were identified from 35 newly born mice by PCR (Fig. 3) . Southern blot analysis was used to verify the PCR results. They all have the same hybrid bands with the human genomic DNA control (Fig. 4) , which confirmed the structural integration of the human ␣-globin gene cluster. Compared with the human genomic DNA, the copy nos. for each strain of the three founders are 1 (no. 1), 2 (no. 2), and 2 (no. 3), respectively.
Expression of Human ␣-and -Globin Genes in the Transgenic Mice
Embryo. The human ␣-and -globin have very similar expression patterns with the mice endogenous -and ␣-globin genes (Fig.  5) . The human -globin is switched off between days 10.5 and 12.5; meanwhile, the human ␣-globin is switched on. All of the three strains of transgenic mice have the same switching pattern. The expression level of human ␣-like globin gene decreased from 120-230% of human -globin in embryo stage to 17-68% of human ␣-globin in adult stage (each copy), just like the results from cosmid transgenic mice. But we found that the human ␣-globin increased gradually after the switching and became stable after birth.
Expression of Human ␣-Globin in Adult Transgenic Mice. Fig. 6 showed the expression of human ␣-globin in mouse bone marrow. Compared with the mouse ␣-globin gene, the expression levels of human ␣-globin gene in adult transgenic mice are no. 1 40%, no. 2 17.5%, and no. 3 68% (each copy). The average level is about 42%, which is integration site-dependent.
Tissue-Specific Expression of Human ␣-Globin in Transgenic Mice. The human ␣-globin had the very similar expression pattern of the mouse ␣-globin gene in different tissues of transgenic mouse no. 3. The human ␣-globin is expressed in mouse bone marrow, kidney, spleen, and brain, but not in muscle, testis, or thymus, indicating that the human ␣-globin gene expression is relatively erythroid-specific in transgenic mice. The relative expression level of human ␣-globin to the mice ␣-globin varied from tissue Fig. 4 . Southern analysis of transgenic mice. Purified genomic DNA (5 g) of each sample was digested by PstI overnight at 37°C. Then the integrated BAC DNA was analyzed by Southern blotting, using probes of human HS-40, human ␣-globin, and -globin fragments. Copy no. analysis was determined by phosphorimaging. Fig. 5 . Developmental stage-specific expression of human ␣-like globin genes in transgenic mice. RNA was extracted from individual 9.5-and 10.5-day yolk sacs of embryos and from fetal livers of individual 12.5-to 16.5-day fetuses. The probes used in the RNase protection assay were human ␣-pT7h␣, -pSP6h, mouse ␣-pT7m␣, and -pT7m. Fig. 3 . PCR identification of transgenic mice. M, 200-bp DNA ladder; P, positive control; N, negative control; 1-3, transgenic founders. DNA samples were purified from transgenic mice tails by phenol͞chloroform extraction, and about 0.5 g of genomic DNA was amplified by PCR. Human genomic DNA was used as positive control, and mouse genomic DNA was used as negative control. The amplified fragment is about 500 bp.
to tissue, 135% in the bone marrow and only 30% in the brain (Fig. 7) .
Discussion
In the present study, we screened the human BAC library and obtained a 110-kb clone containing the whole human ␣-globin gene cluster. From the upstream regulatory element to the downstream sequence of the -globin gene, the BAC DNA was successfully introduced into mouse genome.
Based on the Escherichia coli F factor, the BAC vector has high stability and minimal chimerism and it can propagate up to 300 kb of foreign DNA, which is large enough to cover many gene clusters. Some research groups have generated several BACmediated large-fragment transgenic models (12, 13) . Our results demonstrated that BAC can be used to perform research work with ease and reproducibility, even for gene clusters containing a high percentage of repeat sequences like the human ␣-globin gene cluster. Mutation analysis of BAC DNA will allow us to study the relationship between the structure and function of the entire gene cluster and may reveal other yet unknown regulatory elements that control transcription.
In our study, 3 founders of ␣-BAC transgenic mice from 35 newborn mice were detected by PCR and Southern blot analyses, which showed that the entire BAC DNA was integrated into the mice genome. The human ␣-globin displayed developmental stage-and relatively tissue-specific expression in the transgenic mice similar to the expression pattern of the mouse endogenous ␣-like globin genes. The expression level of the human embryonic -globin is much higher than ␣-globin compared with the mice endogenous ␣-like globin genes in the yolk sac and fetal liver. The relative expression levels of human ␣-globin increased gradually during the switching and varied among the 3 lines from 17% to 68%, suggesting that the human ␣-like globin genes had integration site-dependent expression in transgenic mice. The expression pattern is different from the results of the BAC-mediated adult transgenic mice of human ␤-globin gene cluster in which human ␤-globin gene is expressed in similar levels in different transgenic lines (14) . The ␤-globin locus is located at the middle of short arm of chromosome 11. The locus control region may be important for opening chromosome structure in erythroid cells. Hence, the expression of the human ␤-globin gene is not affected by the integration sites as we have previously found in four transgenic lines carrying the ␤-globin BAC (14) . The human ␣-like globin gene cluster is located at the telomere region of chromosome 16, where the chromosome is in an open configuration in all tissues. The ␣-globin transgene may be integrated in the chromosome regions that are not in open configuration, resulting in variable expression of ␣-globin gene.
The mechanism for the different expression levels between human -and ␣-globin in transgenic mice is not clear, maybe because of the different regulatory patterns between humanand ␣-globin genes or between ␣-like globin genes. The promoter region of the human -globin gene has more trans-acting factor-binding sites than that of human ␣-globin (15); therefore, the mouse DNA binding proteins could form a strong and stable transcriptional complex in this region and direct high-level expression of the human -globin gene in transgenic mice.
A previous study showed that after the switching from -to ␣-globin genes, the human ␣ 2 -and ␣ 1 -globin genes have equal expression levels in the fetal stage. Then the expression of ␣ 2 -globin increases gradually and becomes dominant after birth (16) . We did not find the ''switching'' from ␣ 1 -to ␣ 2 -globin in transgenic mice. In our results, the expression level of human ␣ 2 -globin gene is higher than human ␣ 1 -globin gene because of the switching from -globin to ␣ 1 ͞␣ 2 -globin (the ratio ranged from 1.83 to 3.2). Hence, there may be no regulatory factors in mice that can effect the expression level of the two human ␣-globin genes. There is only an 18-nt difference at the 3Ј untranslating sequence of the mRNA (17, 18), thus the different expression level of the two ␣-globin genes might be related to their distance to HS-40 or the stability of their mRNA in human red blood cells.
We thank Dr. Qiliang Li (Univ. of Washington, Seattle) for providing pT7m␣ and pT7 m and Dr. James Shen for providing HS-40 and -probes. The work was supported by National Natural Science Foundation of China Grant 39893320 and by Science Foundation for Chinese Outstanding Youth Grant 3952006. Fig. 7 . Tissue-specific expression of human ␣-like globin genes in transgenic mice. Bm, bone marrow; Br, brain; Ki, kidney; Li, liver; Mu, muscle; Sp, spleen; Te, testis; Th, thymus. Different tissues from one offspring of the No. 3 transgenic line were collected, and total RNA was extracted for the RNase protection assay. Fig. 6 . The expression of human ␣-like globin genes in adult transgenic mice. RNA was extracted from bone marrow of individual adult transgenic mice. The probes for the RNase protection assay were human ␣-globin and mouse ␣-globin genes.
